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To examine the unproved hypothesis that dietary cholresterol affects the synthesis of apolipoprotein B and E, we fed rats a cholesterol-rich diet that has been shown to alter dramatically the serum concentrations of these apolipoproteins. Rats fed for 4 weeks on a cholesterol-rich diet accumulate increased concentrations of low Mr apolipoprotein B (+ 2.7-fold) and decreased concentrations of apolipoprotein E (-40%) in their serum. Hepatocytes obtained from similarly treated rats were placed in monolayer culture and the rate of synthesis de novo of apolipoproteins was determined. Although cells from cholesterol-fed rats remained filled with lipid droplets throughout the experimental period, there was no difference in plating efficiency or viability, compared with cells obtained from chow-fed control rats. Both groups of cells synthesized and secreted immunoprecipitable apolipoproteins B and E at similar rates throughout the 18h experiment. Thus there was a discordance between the effects of dietary cholesterol on serum apolipoprotein concentrations and hepatocyte synthesis and secretion. The data indicate that altered hepatic apolipoprotein synthesis cannot account for the changes in serum apolipoprotein concentrations caused by dietary cholesterol.
Hypercholesterolaemia is one of the more accurate parameters in determining risk of atherosclerosis (Kannel et al., 1971) . In most species studied, cholesterol-rich diets result in a dramatic increase in the serum concentrations of cholesterol and apolipoproteins B and E (Kritchevsky, 1963; Mahley, 1978) . These dietary cholesterol-induced changes are manifest as an accumulation of lipoprotein particles in the LDL fractions. Because LDLs are so closely linked to atherogenesis, a great amount of effort has been directed toward understanding the biochemical mechanisms responsible for the dietary-cholesterol-induced changes. Recent studies (Packard et al., 1983; Kesaniemi & Grundy, 1984) showed that cholesterol absorption varies directly with the synthesis of LDLs, However, since LDLs are mainly derived from VLDLs, it is not known whether cholesterol absorption in- The rat is rather unusual in that a cholesterolrich diet decreases the serum concentration of apolipoprotein E, whereas the concentration of apolipoprotein B is increased (DeLamatre & Roheim, 1981) . However, inclusion of the hypothyroid drug (propylthiouracil) in the cholesterolrich diet leads to an increase in the concentrations of both apolipoprotein B and E (Mahley & Holcombe, 1977; Noel et al., 1979) .
The mechanism through which dietary cholesterol increases the serum concentration of apolipoprotein B and decreases the concentration of apolipoprotein E in euthyroid rats is not known. Recent studies show that the synthesis of apolipoproteins is not linked to triacylglycerol synthesis (Davis & Boogaerts, 1982) . However, apolipoprotein synthesis determines the capacity of the hepatocyte to assemble and secrete triacylglycerolrich VLDLs (Davis & Boogaerts, 1982) .
In the present study we examine the suggested (but never proved) hypothesis that hepatic cholesterol concentrations are in some way coupled to the synthesis of apolipoproteins (especially apolipoprotein B).
We had shown that hepatocytes obtained from cholesterol-fed rats maintain on a long-term basis a secretion of a cholesterol-ester-rich triacylglycerolpoor VLDL . Thus these cells provide a good model with which to examine the relationship between dietary-cholesterol-induced lipid accumulation and apolipoprotein synthesis. The results show that the synthesis and secretion of apolipoproteins by hepatocytes obtained from chow-fed control and cholesterol-fed rats are similar.
Materials and methods
All culture reagents, rats and chemicals were obtained from sources previously described . 3H-labelled amino acid mixture (154mCi/mg) was obtained from ICN Biochemicals (Irvine, CA, U.S.A.).
Determination of serum apolipoprotein concentrations
After an overnight fast, rats were bled via the aorta. Serum was obtained by centrifugation and preserved with EDTA and NaN3 (both 0.02%).
Apolipoprotein concentrations were quantified by using the electroimmunoassay performed as described by Davis et al. (1981) . Electrophoresis on SDS/polyacrylamide gels of a total (p < 1.21 g/ml) lipoprotein fraction obtained by ultracentrifugation was performed as described in detail by Davis & Boogaerts (1982) . A portion of the total lipoprotein fraction obtained from serum and culture medium (see below) was also subjected to agarose electrophoresis as described by Davis et al. (1981) .
Preparation of hepatocytes and labelling studies Hepatocytes obtained from rats fed on chow for 4 weeks (control) or chow plus 20% (w/w) olive oil and 2% (w/w) cholesterol were prepared and plated after collagenase digestion by methods described in detail by . After incubation for 4h with 20% (v/v) calf serum, the medium was changed to serum-free DMEM and the experiments were performed as described below.
Apolipoprotein synthesis
Studies in which the secreted lipoproteins were isolated by ultracentrifugation (for the agaroseelectrophoresis studies) were performed using 100mm-diameter dishes containing 11.7 x 106 cells in 5ml of DMEM. In these experiments, medium and cells were harvested as described in detail by . A total lipoprotein fraction was obtained by ultracentrifugation of the culture medium, which was first brought to a density of 1.21 g/ml by adding solid KBr . Individual lipoprotein classes were separated by agarose electrophoresis as described by Davis et al. (1981) .
For studies in which we determined the synthesis of immunoprecipitable apolipoproteins, 60mm-diameter culture dishes containing 2 ml of DMEM and 6.5 x 106 cells were used. At 4h after plating the medium was changed to serum-free DMEM containing lOOpCi of 3H-labelled amino acid mixture. The cells and medium were harvested by adding boiling buffer B containing SDS as described by Davis et al. (1984) . (See the Figure  legends for exact times of incubation.) A rabbit antiserum was prepared by immunizing rabbits with rat VLDLs and LDLs as described by . Immunoprecipitation of the culture medium was performed as described in detail by Davis et al. (1984) . The method involved adding 20M1 of antiserum to a sample representing 25% of the total volume of the cell and medium extracts. After an 18h incubation, protein A-Sepharose was added (for 2h) at a concentration previously determined to bind all of the immunocomplexes. The protein A-Sepharose beads were washed six times with buffer D . The washed beads were boiled in sample buffers containing SDS/urea and subjected to SDS/polyacrylamidegel electrophoresis with a 1-20%-(w/v)-acrylamide gradient . The individual bands of apolipoproteins were cut from the gels, digested and assayed (Boogaerts et al., 1984 (n = 9)
to be a small reduction in the concentration of apolipoprotein A-I, this difference was not significant. Serum apolipoproteins were analysed by SDS/polyacrylamide-gel electrophoresis (Fig. 1 ).
In the rat there exist two forms of apolipoprotein B (Krishnaiah et al., 1980; Wu & Windmueller, 1980) . Since there still exist questions about the structure and Mr of these peptides (Socorro & Camejo, 1979; Meredith, 1984; and .
Morphology of cultured hepatocytes as examined by phase-contrast microscopy Hepatocytes obtained from cholesterol-fed rats were loaded with lipid, which was clearly visible via phase contrast microscopy (Fig. 2) . The increased lipid of cells from cholesterol-fed rats was maintained throughout the entire 24h experiment (Fig. 2) . The accumulation of lipid did not increase in cholesterol esters and a 33% decrease in triacylglycerols (results not shown). These results are similar to those reported previously . Apolipoprotein synthesis and secretion
The secretion of protein synthesized de novo was similar for both groups of cells throughout the 18 htime-course experiments (Fig. 3a) . Moreover, cells from cholesterol-fed rats synthesized and secreted high-Mr apolipoprotein B (BL; Fig. 3b ), low-Mr apolipoprotein B (BS; Fig. 3c ) and apolipoprotein E (Fig. 3d) at rates that were similar to those displayed by cells from control rats. This experiment was repeated a total of six different times (separate hepatocyte preparations) and similar results were obtained. The results are not caused by differences in the labelling of amino acid pools because total uptake of labelled amino acids was similar for both groups of cells as was the incorporation of label into total cellular protein (i.e. trichloroacetic acid-precipitable protein; results not shown). These results show that hepatocytes from cholesterol-fed rats synthesize and secrete apolipoproteins B and E at rates similar to those shown by control cells.
Discussion
The major goal of the present study was to examine the role of the liver in the changes in serum apolipoproteins which occur in response to dietary cholesterol. In euthyroid rats, the serum concentrations of apolipoprotein B are almost tripled after cholesterol feeding, whereas the concentration of apolipoprotein E is reduced by 40% (Table 1) . These findings are in agreement with those of others (DeLamatre & Roheim, 1981) . Analysis of serum apolipoproteins by SDS/polyacrylamide-gel electrophoresis confirms the immunochemically detected changes and further shows that the increased serum concentration of apolipoprotein B is due to increased low-Mr apolipoprotein B (Bs) (Fig. 1) .
In marked contrast with the changes found in serum apolipoprotein concentrations, dietary cholesterol did not affect hepatocyte synthesis or secretion of apolipoproteins B or E (Fig. 3) . During the entire 18 h experiment, cells from cholesterolfed rats maintained their lipid-laden appearance (Fig. 2) . Furthermore, we have previously shown that these cells secrete cholesterol-ester-rich VLDLs , for at least 48h in culture. It is therefore unlikely that the lack of changes in apolipoprotein secretion by hepatocytes from cholesterol-fed rats is due to an inability of these cells to express changes induced in vivo. In addition, there are several reports showing that changes in lipoprotein synthesis induced in vivo are maintained in isolated and cultured rat hepatocyte models (Kalopissis et al., 1981; Bell-Quint et al., 1981; Boogaerts et al., 1984 than decreased hepatic synthesis. In support of this concept are data showing that a single feeding of the same cholesterol-rich diet used in our study, rapidly (within 9 h) decreased the serum concentration of apolipoprotein E by 35% (DeLamatre et al., 1982) . These results were interpreted by DeLamatre and co-workers to indicate that cholesterol-rich chylomicrons associate with serum apolipoprotein E and the complexed apolipoprotein E is selectively removed via the hepatic chylomicron receptor.
In sub-human primates, dietary cholesterol has been shown to impair the clearance of apolipoprotein-B-containing lipoproteins (Kushwaha & Hazzard, 1980) . Our results provide biochemical evidence in support of these turnover studies and suggest that extrahepatic processes are at least in part responsible for the accumulation of LDL that occurs in response to cholesterol feeding.
It is more likely that cholesterol feeding impairs the removal of apolipoprotein B from serum. In cholesterol-fed rabbits, hepatic lipoprotein uptake is reduced (Redgrave et al., 1968; Ross & Zilversmit, 1977; Kushwaha & Hazzard, 1980) , probably due to saturation of a decreased number of hepatic receptors (Kovanen et al., 1981) . The increased serum concentration of apolipoprotein Bs caused by dietary cholesterol is confined to the VLDL and IDL fractions (DeLamatre et al., 1981) . The differential response of serum apolipoproteins B and E to dietary cholesterol suggests that they can be removed and metabolized independently.
Recent studies with monoclonal antibodies show that the high-Mr form of apolipoprotein B contains an epitope that is essential for binding to the extrahepatic LDL receptor (Marcel et al., 1982) . The extrahepatic 'LDL' receptor recognizes both LDL B and apolipoprotein E (Mahley & Innerarity, 1977) . Since cholesterol feeding decreased the serum concentration of apolipoprotein E, whereas it increased apolipoprotein B, it is unlikely that alteration in uptake by the LDL receptor accounts for these changes. However, the hepatic-remnant receptor recognizes apolipoprotein E (Sherrill et al., 1980; Windler et al., 1979; Shelburne et al., 1980) . The selective reduction in the serum concentration of apolipoprotein E with no corresponding decrease in its synthesis suggests that increased hepatic uptake of apolipoprotein E may be responsible. Furthermore, our results are consistent with cholesterol affecting the removal process for apolipoproteins B and E differentially. Uptake via the LDL receptor (apolipoproteins B and E) is likely to be decreased, whereas uptake via the hepatic-remnant receptor (apolipoprotein E) is likely to be increased. This proposal can account for the selective removal of apolipoprotein E and the selective accumulation of apolipoprotein B that occurs with cholesterol feeding.
We conclude that dietary cholesterol affects the removal and metabolism of serum lipoproteins rather than hepatic apolipoprotein synthesis. In spite of the dramatic accumulation of triacylglycerol and cholesterol ester in hepatocytes from cholesterol-fed rats  Fig. 2) , there was no affect on apolipoprotein synthesis. The inability of the hepatocyte to augment apolipoprotein synthesis in response to the massive influx of remnant cholesterol ester caused by the cholesterol-rich diet is probably responsible for the accumulation of neutral lipid (Fig. 2) . In additional experiments we also determined the effect of increased hepatocyte cholesterol on apolipoprotein synthesis by adding mevalonic acid to the culture medium of control hepatocytes. Although mevalonic acid caused a large accumulation of cholesterol esters , there was no change in the synthesis and secretion of apolipoproteins B or E (results not shown). The finding that increased cholesterol availability has no effect on apolipoprotein synthesis in the present study is consistent with a previous demonstration that triacylglycerol availability did not affect apolipoprotein synthesis by cultured hepatocytes (Davis & Boogaerts, 1982) . The results of both studies support the concept that lipid alters the composition and structure of lipoprotein particles rather than regulating the synthesis of apolipoproteins.
